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Abstract 
An experimental study was conducted to investigate the energy absorption capability of continuously pulling a metallic bolt 
through a composite or sandwich plate. The influence of various parameters like the fibre and matrix material as well as the fibre 
architecture and angle on the specific energy absorption under quasi-static and high-rate dynamic loading was assessed. The 
achievable quasi-static weight-specific energy absorption (SEA) values up to 164 kJ/kg are very promising compared to classical 
absorbers. Considerable strain rate effects led to significantly lower values under high-rate loading, though. The thin-skinned 
sandwich specimens used in this study were not competitive with lower SEA values. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Energy absorbers are used in numerous occupational safety or transport applications like in passenger cars, 
railway or aircraft structures for collision or crash energy absorption. Their purpose is to reduce the loads or 
decelerations acting on a vulnerable component (e.g. the passenger) typically by controlled deformation or 
destruction of an energy absorbing structure. In this context, the crushing and fragmentation of fibre-reinforced 
polymer matrix materials (FRP) is well known for its high weight-specific energy absorption capability (SEA) [1]. 
Consequently, composite crushing absorbers are applied today in many high-performance vehicle structures like in 
sports cars, high-speed trains or helicopters. 
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Nomenclature 
AF  Aramid fibre 
CF  Carbon fibre  
EP  Epoxy resin 
FRP  Fibre-reinforced polymer composite 
GF   Glass fibre 
LCP  Liquid crystal polymer fibre 
PA  Polyamid 
PEEK  Polyetheretherketone 
PF  Phenolic resin 
UHMWPE Ultra-high-molecular-weight polyethylene fibre 
SEA  Weight-specific energy absorption  
SF  Steel fibre 
 
Although many such energy absorber solutions have been developed for compressive loads, several load cases 
require tensile absorbers that absorb energy under tension. Classical examples are fall arrest absorbers for persons or 
items [2,3,4]. One promising option to use composite materials for tensile absorbers is to pull a bolt in a bearing 
mode through a composite plate, which enables a relatively constant load level that is beneficial for efficient energy 
absorption and high SEA values. This concept was initially investigated as an option for tensile absorbers for 
overhead stowage bins in aircraft cabins [5,6,7]. Its suitability for aircraft seat absorbers was addressed in [8,9]. 
Other publications can be found with similar tests that aim at characterising the residual strength after initial bearing 
failure without the explicit aim to use this mechanism as an energy absorber [11,11,12].  
Because only very few data exist on the energy absorption capability of the bearing failure mode of a bolt being 
continuously pulled through a composite or a sandwich plate, an extensive test campaign was conducted in the 
framework of this study. The aim was to assess in a comprehensive manner the influence of fibre and matrix 
material as well as the fibre architecture and angle on the energy absorption capability under quasi-static and high-
rate dynamic loading. 
2. Testing procedure 
A special clamping device was developed that allows for the clamping of composite and sandwich plates with a 
size of 150 mm x 75 mm via six fixed bolts (Fig. 1) [13]. A steel bolt with a diameter of 8 mm was chosen to be 
pulled through the plate with the results of this configuration being directly comparable to the studies in [5,6,7].  
 
 
Fig. 1. Image sequence of bolt pull-through test (left) and post-test specimen view (right). 
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All quasi-static tests were performed at room temperature on a Zwick universal testing machine with a loading 
rate of 200 mm/min. Additional high-rate dynamic tests with a loading rate of 3 m/s were performed on a servo-
hydraulic Zwick HTM testing machine in order to evaluate potential strain rate effects and to expose the absorber to 
realistic loading rates of a highly dynamic energy absorption event. 
The key indicator of the energy absorber performance is the SEA value, which is calculated by dividing the 
absorbed energy EA (area under the force-displacement curve) by the mass of the destroyed material (Eq. 1). The 
destroyed material volume is defined as 1.2 (brittle fibres) or 1.5 (ductile fibres) times more than the basic slot 
volume; which is the plate thickness t multiplied by the bolt diameter d and the maximum displacement smax (Fig. 2). 
This conservative definition is based on micrographs of the lateral extent of damage in the composite plates, which is 
typically 20% or 50% higher than the bolt diameter for brittle and ductile fibres, respectively. It is worth mentioning 
that this SEA value is defined on material level for comparison of material properties. An alternative definition is the 
SEA based on final energy absorber level, which takes the mass of all material into account that is necessary to 
achieve the absorber performance, incl. the surrounding material, support structures and load introduction devices. 
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Fig. 2. Schematic of a bearing mode energy absorber and typical force-displacement response. 
3. Test results of composite plates 
The first test campaign was conducted with monolithic composite plates with various fibre and matrix systems. 
The plate thickness was between 1.3 and 2.7 mm and the 8 mm hole was chamfered from both sides to act as a 
trigger and to eliminate any initial peak load (Fig. 3). Table 1 gives an overview of the fibre and matrix 
combinations, referred to as specimen types A to M.  
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6 x M6 clearance holes
Ø8 mm bolt hole (sym. chamfered)
 
Fig. 3. Dimensions of the composite specimens. 
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Table 1. Overview of composite fibre/matrix combinations tested. 
Type Fibre  Matrix  Density 
[g/cm³] 
A CF HTA carbon fibre fabric (plain weave, 200 g/m²) EP Hexcel RTM6 epoxy resin 1.45 
B CF HTA carbon fibre fabric (plain weave, 200 g/m²) EP Cytec EP2400 toughened epoxy resin 1.50 
C CF HTA carbon fibre fabric (plain weave, 200 g/m²) PEEK Thermoplastic polyetheretherketone 1.55 
D CF HTS carbon fibre 3D weave (2720 g/m²) EP Hexcel RTM6 epoxy resin 1.50 
E CF HTS carbon fibre UD [60°/90°/-60°/60°,90°/-60°]s EP Cytec 977-2 toughened epoxy prepreg 1.58 
F CF T800S carbon fibre UD [45°/90°/-45°/45°/45°/0°/90°]s EP Hexcel M21 toughened epoxy prepreg 1.53 
G GF E-Glass fibre fabric (plain weave, 390 g/m²) EP Hexcel RTM6 epoxy resin 1.77 
H GF E-Glass fibre fabric (satin weave 1/4) PA Thermoplastic polyamid 1.67 
I GF E-Glass fibre fabric (satin weave 1/8, 296 g/m²) PF Phenolic resin prepreg 1.77 
J AF Twaron® 2200 fabric (plain weave, 170 g/m²) EP Hexcel RTM6 epoxy resin 1.30 
K LCP Vectran® fabric (twill weave 2/2, 200 g/m²) EP Hexcel RTM6 epoxy resin 1.28 
L UHMWPE Dyneema® fabric (plain weave, 130 g/m²) EP Epikote L20 epoxy resin 1.06 
M SF Stainless steel fibre fabric (plain weave, 1195 g/m²) EP Hexcel RTM6 epoxy resin 4.93 
3.1. Influence of fibre material 
The comparison of different fibre materials in a similar plain weave fabric configuration in 0°/90° orientation 
with epoxy resin under quasi-static loading led to highest SEA values for glass (G) and HTA carbon (A) fibres, 
followed by Dyneema® (L), aramid (J) and Vectran® (K) fibres. Stainless steel fibres (Bekaert FA900, ∅ 12 µm) 
(M) with their high density and low strength were not competitive with very low SEA values. 
3.2. Influence of resin material 
Switching from relatively brittle RTM6 epoxy resin to toughened epoxy resin EP2400 led to a strong increase of 
about 18 % for 0°/90° and ±45° orientation. Using a thermoplastic matrix such as PEEK in combination with carbon 
fibres resulted in comparable SEA values as for the toughened epoxy resin. For glass fibre materials the substitution 
of RTM6 epoxy resin with PA6 had a negligible effect on the SEA values, whereas phenolic resin showed by far the 
weakest performance resulting in lowest SEA values.  
3.3. Influence of unidirectional vs. 2D fabric vs. 3D fabric 
Specimens with a lay-up of unidirectional carbon fibre plies and comparable untoughend and toughened epoxy 
resin materials showed 15-30 % higher SEA values than woven fabric specimens under 0°/90° orientation, even 
though the mass mabsorbed was increased by 10% because of the extensive fibre pull-out at the top and bottom surface 
of the unidirectional specimens. The unidirectional plies consisted of high strength HTS fibres, though. The use of 
3D-woven fabrics led to no improvement, because no stable bolt pull-through behaviour could be achieved. 
3.4. Influence of fibre orientation angle 
Changing the fabric orientation angle from 0°/90° to ±45° relative to the bolt direction led to an increase in SEA 
values of about 10-20 % for carbon fibres (A, B and C). This can be related to the highest tensile forces acting in 
±45° relative to the bolt direction and therefore correlates to the fibre direction [6]. However, the stress displacement 
curves for the ±45° orientation are typically more oscillating and less uniform and reproducible. A similar 
comparison of 0°/90° and ±45° orientation for configurations with ductile fibres (J, K and L) was not possible, 
because none of the configurations failed in a controlled and reproducible manner.   
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3.5. Influence of loading rate 
The loading rate had a significant influence on the energy absorption capability of the tested material 
configurations (Table 2, Fig. 4). The change in loading rate from quasi-static (200 mm/min) to high-rate dynamic 
loading (3 m/s) resulted in a significant decrease in crushing stress and hence a reduction in SEA values by 20-40 %. 
This is in agreement with literature data of dynamic crushing of composite structures which also showed 20-40 % 
reduction in crushing stress levels at comparable or even higher test velocities [7,12,14,15,16].  
3.6. Overview of test results 
An overview of the experimental results in terms of crushing stress (mean force devided by the product of plate 
thickness and bolt diameter) and SEA values is given in Table 2. All in all, SEA values of 24-164 kJ/kg could be 
achieved. The highest quasi-static value was obtained with specimens B (CF fabric with toughened epoxy resin 
under ±45°), for the dynamic load case with specimens F (unidirectional CF with toughened epoxy resin). 
Table. 2. Overview of failure stress and SEA values on material level for the tested configurations. 
Type Conf. Mean crushing stress [MPa] SEA [kJ/kg] 
  Quasi-static Dynamic Quasi-static Dynamic 
A 0°/90° 194 144 112 83 
 ±45° 239 155 137 95 
B 0°/90° 239 145 133 81 
 ±45° 295 173 164 96 
C 0°/90° 241 146 129 88 
 ±45° 282 173 152 93 
D 0°/90° 441 - 98 - 
E  311 - 146 - 
F  316 237 150 125 
G 0°/90° 291 202 137 97 
 ±45° 279 222 131 105 
H 0°/90° 265 - 132 - 
 ±45° 242 - 121 - 
I 0°/90° 115 140 54 66 
 ±45° 152 144 71 68 
J 0°/90° 206 173 106 89 
 ±45° 307 - 63 - 
K 0°/90° 180 105 94 55 
 ±45° 292 - 61 - 
L 0°/90° 171 105 107 66 
 ±45° 366 - 92 - 
M 0°/90° 214 - 24 - 
 ±45° 210 - 24 - 
N L-dir. 12 13 50 53 
 W-dir. 14 14 58 59 
O L-dir. 29 29 68 66 
 W-dir. 31 28 73 65 
P L-dir. 34 32 79 75 
 W-dir. 33 32 75 75 
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Fig. 4 gives an impression of the post-test view of different specimens as well as micrographs of the crushing 
zone in front of the metallic bolt. Lamina bending and buckling, fibre and matrix fracture as well as delaminations 
can be observed as the major failure modes. The lateral extent of damage for the exemplary specimen of type C is 
given in Fig. 5. The representative curves of stress vs. bolt displacement for quasi-static and high-rate dynamic 
loading in Fig. 4 highlight the significant reduction of crushing stress. 
 
 
CF/EP (B): CF/PEEK (C): GF/EP (G): GF/PF (I): 
    
 
AF/EP (J): Vectran®/EP (K): Dyneema®/EP (L): SF/EP (M): 
    
                                                 
Fig. 4. Test results and micrographs of composite specimens (in 0°/90° direction). 
quasi-static 
dynamic 
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Fig. 5. Lateral extent of damage for specimen C is approx. 20% larger than the bolt diameter. 
4. Test results of sandwich plates 
The test campaign was extended to sandwich plates with phenolic-impregnated aramid paper honeycomb cores 
and glass fibre-reinforced skins of different thicknesses (referred to as N, O and P). The total sandwich thicknesses 
ranged from 9.5 to 13 mm, the skin thicknesses from 0.4 to 1.6 mm. The lateral core material had partially to be 
removed and replaced by wooden ledges to enable the clamping of the specimen edges. The achievable SEA values 
of 50-79 kJ/kg were much lower than the ones of the monolithic plates. The honeycomb core orientation in L- or W-
direction as well as the loading rate had no significant influence on the test results, which can be seen in Fig. 6. 
 
 
0.4 mm GF/EP + 9 mm honeycomb (N): 1 mm GF/EP + 9 mm honeycomb (O): 1.6 mm GF/EP + 11 mm honeycomb (P): 
   
                            
   
Fig. 6. Test results and micrographs of sandwich specimens (in L-direction). 
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5. Conclusion 
An extensive experimental study was conducted to investigate the energy absorption capability of bearing mode 
failure by continuously pulling a bolt through a composite plate. The achievable quasi-static SEA values on material 
level of up to164 kJ/kg are very promising compared to classical absorbers [1]. Considerable strain rate effects led to 
significantly lower values under high-rate loading, though, with a maximum value of 125 kJ/kg in these tests.  
The investigation of different fibre and matrix materials as well as reinforcement configurations led to the 
conclusion that the fibre strength appears to play a major role since high strength reinforcements showed the highest 
SEA values. Highly ductile fibres had no major advantage. Toughened epoxy resins showed superior performance 
compared to brittle resins. The unidirectional laminates led to higher SEA values compared to the woven fibre 
fabric, which can be caused by the different fibre strength values using HTS and T800S fibres in comparison to HTA 
fibre fabrics. Care should be taken when comparing these results. The study in [7] compared identical fibres in 
unidirectional and woven fabric architecture and identified woven fabrics to be preferable. The sandwich specimens 
were not competitive with relatively low SEA values. 
One further factor, which is believed to have an influence on the test results, is the plate thickness with its 
geometrical effect on the failure mechanisms. This was not investigated here and is the subject of further research. 
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